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Abstract 
The CARMA project investigated the potential of Carbon dioxide capture and storage (CCS) in Switzerland and the 
country-specific difficulties on the way to implementation. CCS may play a major role in the future Swiss energy 
scenario as a bridging technology between the phase out of nuclear energy and the establishment of an entirely 
renewable energy system. The key findings of the CARMA project with respect to CCS implementation are 
summarized. A pilot CO2-injection test on a small scale is proposed to prove the suitability of the considered 
geological formations for durable and safe CO2 storage, and to gain information about the deep Swiss subsurface. 
Furthermore, such a field test would support the development of the legal framework needed for CCS and initiate 
knowledge transfer to the Swiss public. The successful test site in Ketzin, Germany  adapted to the Swiss context  
can serve as a role model. 
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1. Introduction 
With currently 57% of its electricity being generated from hydropower and 38% from nuclear [1], the 
Swiss electricity system is not perceived as a major market for the application of the CCS technology. 
scenario, the application of CCS appears to be an important option. The present political and societal 
environment demands a phase out of nuclear power generation with the first of a total of five reactors 
expected to be shut down around 2020. The expected stepwise reduction of the nuclear electricity 
generation can be seen in Fig. 1. While it is beyond dispute that the sustainable energy system of the 
future relies on renewable energy sources, a complete replacement of the nuclear capacity by renewables 
 
* Corresponding author. Tel.:+41 44 632 2486; fax: +41 44 632 1141. 
E-mail address: marco.mazzotti@ipe.mavt.ethz.ch. 
Available online at www.sciencedirect.com
   uthors. Published by Elsevier Ltd.
 /or peer-review under esponsib lity of GHGT
 Daniel Sutter et al. /  Energy Procedia  37 ( 2013 )  6562 – 6570 6563
within the foreseen timeframe is highly unlikely. Technological development and economies of scale in 
global production are required to reduce the cost of renewable energy systems, the grid needs to be 
adapted to the stochastically producing, decentralized renewables, and storage capacity needs to be 
increased. The suitability of the Swiss topography for pumped hydro storage combined with the central 
location in Europe allowing for extensive trade with the neighboring countries is an important advantage. 
Current examples, however, show that the required extension of the pumped hydro storage capacities 
faces strong opposition and that the permission process for each individual project might take several 
years. An adaptation of the legal framework would be required to realize significant new capacities [2]. 
The further technological development in renewable energy technologies is of particular interest in a 
Swiss context. The alpine regions, where solar irradiation and wind speeds are most promising, represent 
a demanding environment, for example when considering icing on wind turbine blades. The capacity 
utilization of the electricity grid, which to a large extend was built 40 years ago, is already critical 
nowadays [3]. The Swiss Federal Department of the Environment, Transport, Energy, and 
Communications expects costs of 18 billion CHF (19 billion USD) for the required modernization and 
extension until 2050 [3].  
 
The new energy strategy of the Swiss government that was released after the formal decision to phase 
out nuclear energy acknowledges the described difficulties and calculates the need for up to seven natural 
gas combined cycle (NGCC) power plants in order to bridge the transition time at acceptable cost (see 
Fig. 1). While the current electricity mix is virtually free of CO2 emissions, a single 400 MW NGCC plant 
would emit about 1 Mt of CO2 current total 
CO2 emissions. Swiss regulation enforces the compensation of all CO2 emissions from fossil fuel power 
plants, thereof at least 70% inland. Nonetheless, the government specifically expressed the will to adhere 
to the greenhouse gas emissions reduction commitments as defined prior to the decision to phase out 
nuclear power. 
 
CARMA (carbon management in power generation), a research project bringing together several Swiss 
feasibility of CCS deployment in Switzerland. The joint project approaches CCS from multiple 
perspectives and covers technological, environmental, economical, societal, and legal issues. The four 
year project will be completed by the end of December 2012. Considering the growing opposition against 
CCS demonstration projects in neighboring countries during the course of CARMA, it became evident 
that the major obstacles for the actual implementation of CCS in Switzerland are issues with geological 
storage, public perception, and the legal framework. In contrast to the high probability of NGCC power 
plants to be built, stakeholders are hardly prepared to realize CCS. This article intends to summarize the 
CARMA project activities with a focus on the subprojects addressing these three obstacles and it will 
elucidate how a well-planned field test for CO2 storage in Switzerland may enable CCS to become a 
realistic option in the national energy strategy.  
2. Assessment of the geological storage potential in Switzerland 
2.1. Storage potential 
Due to the lack of exploitable fossil fuel reserves, borehole information from the Swiss subsurface is 
relatively scarce, compared to other European countries. Thus, the evaluation of the geological storage 
capacity for CO2 plays an equally demanding and important role on the way to a CO2 storage project in 
Switzerland. The potential has been evaluated based on an approach introduced by Bachu [4], which was 
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adapted to the Swiss geology [5]. The alpine region in the South of the country does not provide
significant storage potential due to its complicated, highly fractured structure and because of the
dominantly metamorphic rocks. Thus, the region of interest can be confined to the sedimentary fill of the
Swiss Molasse Basin (SMB) and the adjacent Jura domain. Fig. 2 shows the estimated storage potential in
this confined area. The theoretical storage capacity of the suitable sandstone and limestone aquifers is
estimated to be approximately 2,600 Mt of CO2.
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Fig. 1. Total demand and share of the different supply options in the Swiss electricity market (adapted from [6]).
Fig. 2. Storage potential distribution in the Swiss Molasse Basin as given by Chevalier et al.[5] Eight criteria of the original storage 
potential evaluation scheme developed by Bachu [4] have been considered: Depth to sealed aquifer (min.: 800 m, max.: 2500 m),
geothermal gradient, hydrogeology, exploration maturity, seismicity, fault systems, structural traps, and stress regime. The total 
estimated storage potential is 2600 Mt, of which 700 Mt are expected in the Upper Muschelkalk formation.
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The pair of Upper Muschelkalk and Gipskeuper, subsequent formations in the SMB underlying large 
areas of the Swiss Plateau in the appropriate depth interval, was identified as the best available option for 
CO2 storage. Only the upper half of the Upper Muschelkalk formation, which consists of dolomite, is 
suitable as a reservoir [5]. The porosity of the aquifer is generally around 20%. However, while much of 
the porosity is due to primary porosity (Fig. 3a), the secondary porosity that is determined by dissolution 
(macropores), micro-faulting, and karstification features (Fig. 3b) governs the hydraulic properties [7,8]. 
Large variations in the distribution of this secondary porosity cause the hydraulic transmissivity to change 
by several orders of magnitude ( 310  to 7 210 m /s ). In order to understand more about the combined 
effect of primary and secondary porosity, drill core samples of the Upper Muschelkalk are investigated in 
detail within CARMA. The experimental analysis includes computer tomography scans, as well as He 
and Hg porosimetry. Furthermore, the dissolution history of the macropores is studied by analyzing the 
growth sequence of the minerals found in such pores. This information may help to better understand the 
regional differences in the origination of the Upper Muschelkalk formation, and thus, allow for a 
systematic search for more permeable bodies of rock therein. In any case, the scarcity of borehole data in 
Switzerland necessitates the extrapolation of geologic properties over long distances when constructing 
maps such as Fig. 2. In order to clarify the remaining uncertainties locally, the formation in question has 
to be accessed with a borehole eventually. 
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Fig. 3. (a) Intercrystalline porosity in the trigodonus dolomite of the Upper Muschelkalk formation; (b) Macropores in the same 
dolomite, formed by dissolution of anhydrite and fossils (pictures by courtesy of B. Almquist and L. Aschwanden). 
One distinctive feature of the Muschelkalk aquifer compared to most aquifers studied in CO2 storage 
projects worldwide is its carbonatic mineralogy. Numerical simulations applying the multi-phase reactive 
transport code PFLOTRAN [9] have been performed to study the chemical stability of the aquifer and the 
caprock material. Mineral trapping, i.e. the formation of solid carbonates, is not effective in an aquifer 
that already consists of carbonates [10]. On the contrary, simulations of the behavior of the Gipskeuper 
seal showed very advantageous results. The porosity of the sealing caprock can be expected to decrease as 
a result of the chemical interaction with aqueous CO2, leading to a so-called self-sealing effect. 
 
Simultaneously, another stringent task when aiming to improve the resolution of the storage potential 
map from a regional to a more local scale was to determine and localize possible conflicts of use. Fig. 4 
shows the map for the Upper Muschelkalk aquifer with the extent of the major cities and the overlap of 
the currently explored candidate regions for nuclear waste repositories. Another typically mentioned 
interference of subsurface usage, the extraction of mineral water from deep aquifers, has already been 
included in the eight criteria evaluated when developing the map. Low salinity of the formation water was 
considered a negative factor with respect to the suitability for CO2 storage. Other conflicts of use in the 
subsurface can mostly be excluded. There are no deep mining activities within the SMB and tunnels are 
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typically at much shallower depth in the area of interest. Future geothermal energy operations are likely to 
target the same aquifer. However, some of the main requirements on the geologic setting for CO2 storage 
and geothermal energy are notably different. While the ideal geothermal reservoir exhibits a high 
geothermal gradient, a high flux of formation water, and a highly connected, dense network of fractures, 
the requirements for a CO2 storage reservoir are the opposite. Nonetheless, further conflicts of use at the 
surface have to be acknowledged. The surface above the SMB is among the most densely populated areas 
in Europe (450 people/km2 [11]) and there are numerous smaller cities and villages not indicated in the 
map of Fig. 4.  
 
Swiss average = 0.6
0 1
Negligible
CO2 storage potential
in sedimentary stack
(btw. 800-2500m):
Excellent
800m
2500
m
Potential repositories
Geological siting areas for low, intermediate
and high level waste
Cities
0                       50 km
N
St. GallenZürich
Baden
Luzern
Olten
Basel
Bern
Bienne
Fribourg
Yverdon
Lausanne
Schaffhausen
Geneva
La Chaux-
de-Fonds
 
Fig. 4. Estimated storage potential in the Upper Muschelkalk formation, identified as the most promising candidate for storage 
reservoirs in Switzerland. The colored range lies in the suitable depth range of 800 m to 2500 m with the color indicating the 
expected storage potential according to Chevalier et al. [5]. The grey area indicates the further extend of the Upper Muschelkalk 
formation within the SMB at greater depth. Major cities and the potential repositories for nuclear waste overlapping with the colored 
Upper Muschelkalk-range are added as major conflicts of use. 
2.2. Induced seismicity 
In Switzerland, seismicity induced by fluid injection attracted notice in the public, political, and 
scientific domain after a magnitude-3.4 earthquake in Basel in 2006 in connection with fracturing 
operations for an Enhanced Geothermal System [12]. Through reports about shale gas fracking in the US 
and its possible consequential issues and the prohibition of said technology in France, the topic of 
underground fluid injections remained present in the media since then. As a consequence, concerns about 
major earthquakes being triggered by CO2 injection are common among the Swiss public and the safety of 
storage reservoirs in the case of earthquakes is frequently questioned. Wallquist et al. [13] report that 
over-pressurization of the reservoir and earthquakes were the most often and the fourth-most often 
mentioned risk concepts in their qualitative interviews among Swiss lay people.  
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These widespread concerns need to be addressed adequately before a CO2 injection project can be 
started. During the course of the CARMA project, a catalogue of European case histories has been 
compiled documenting the seismic response of the underground to fluid injection [14]. The primary 
objective was to investigate systematic dependencies of the seismic response to any of the various 
parameters that characterize the local geology at the point of injection. The compilation includes 
Enhanced Geothermal Systems (EGS), hydrothermal plants, and CCS projects. The study suggests that 
low natural seismicity, defined by the expectation that peak ground acceleration values have less than a 
10% chance to exceed 0.07 g in 50 years, may be a useful indicator of a low propensity for fluid injection 
to induce felt or damaging events. However, the database is too limited to draw more quantitative 
conclusions. In fact, an extension of the database is currently in progress and will be continued. Until the 
end of the CARMA project, best practice guidelines for the assessment of the seismic risk on a local site 
and regional scale will be developed. Nonetheless, it is important to note, that due to the distinctive local 
nature of the geological setting, a precise and absolutely reliable forecast of the magnitude and number of 
seismic events induced by fluid injection for a specific site will not be possible.  
3. Public perception of CCS 
The subproject of public perception focuses on communication issues in the field of CCS. The main 
objective is to identify knowledge gaps, misunderstandings and beliefs among laypersons. In fact, wrong 
concepts, such as the image of a gas balloon that may explode and a generally negative connotation of 
CO2 seem to underlie lay  [13]. The resulting communication 
recommendations may ensure that the general public is able to make an informed decision about CCS 
implementation.  
 
Motivated by these Swiss-specific results and similar observations in other countries (e.g. [15]), a 
showcase that demonstrates the working principle of CO2 storage in a saline aquifer has been constructed. 
CO2 migration in a porous reservoir rock and the containment by an impermeable caprock visible, to 
transfer knowledge, and thus, to enable a more rational, fact-based discussion. The details of the 
construction of the showcase and the actual experience from exhibitions with the showcase are described 
in another article submitted to the GHGT-11 proceedings (Werner, M. et al., Energy Procedia, 2013). An 
interesting result with regard to a possible pilot test is the apparent disappearance of the NIMBY-effect 
generally associated with CCS operations, when the CO2 originates from bioenergy [16]. Furthermore, 
Wallquist et al. [13] report that respondents were likely to accept a test of the technology in a field trial 
even if they had a critical attitude towards the large-scale implementation of CCS. 
4. Legal aspects of CCS in Switzerland 
The investigation of the legal framework for CCS in Switzerland revealed that regulations concerning 
CO2 transport and storage are inexistent on the federal level. The pipeline statute in force is limited to the 
transport of liquid and gaseous fuels. Consequently, the regulation of CO2-pipeline systems would be the 
responsibility of the Swiss cantons. None of the 26 cantons has such regulation in place. Furthermore, the 
legal definition of CO2 seems critical. According to the Federal Environmental Protection Act, CO2 
CO2 in a saline aquifer, however, does not fit into 
any of the regulations for possible waste disposal sites. Hitherto, it is difficult to predict whether an 
amendment of the current act or a new CO2-specific act would be more appropriate to regulate CO2-
storage rigorously and effectively. 
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5. National pilot test as a requirement to make CCS a realistic option 
As detailed in the sections above, the Swiss situation would not allow a large-scale CO2 storage project 
to be started in the near future. On the other hand, the start of large-scale fossil fuel powered electricity 
generation after the year 2020 is more than likely. A small scale pilot test would make it possible to gain 
valuable experience and information, and thus, help to overcome the obstacles for a subsequent larger 
scale project. The project of Ketzin, Germany, serves well as a role model for a similar pilot project in 
Switzerland. The maximum amount of injected CO2 of 100,000 t keeps infrastructure needs for CO2 
transport and injection at a minimum.  
 
Nonetheless, the combined application of geoelectric and seismic monitoring and tracer tests allows 
following the propagation of the injected CO2, and thus, reveals much more information about the storage 
reservoir than the punctual information from one borehole alone(e.g. [17]). Such information would be 
extremely valuable, for example, to understand the spatial variation of porosity and permeability that can 
be expected for the Upper Muschelkalk aquifer. At the same time, the local mineralogy of reservoir and 
seal could be investigated from drill cores and injection of CO2 may allow confirming the reactive 
simulations at least in the short term. In the view of the mentioned shortage of deep borehole data in 
Switzerland and the fact that the Upper Muschelkalk formation also shows potential for geothermal heat 
extraction, the value of such information is independent of a later decision whether CCS will eventually 
be applied.  
 
Additionally, the pressure response in the formation to controlled changes in the injection rate can be 
measured. A maximum pressure for the reservoir can be defined after studying the prevailing stress 
regime and the mechanical properties of the caprock in accordance with the best practice guidelines 
resulting from the CARMA project. In-depth measurements and analysis of the seismicity can provide 
detailed information about the site specific seismic response to the injection. A current geothermal project 
in St. Gallen may serve as a positive example. The project has established a close collaboration with the 
Swiss Seismological Service. Six new measurement stations have been built in 10 km distance around the 
drilling site to document any microseismic events [18]. 
 
Furthermore, the pilot project could serve as a test case for the legal framework for CO2 transport and 
storage in Switzerland. The responsible authorities and policymakers would have the chance to go along 
with and participate in an entire project from the early planning phase on. Hence, ambiguities and 
shortcomings in the current legislation could be uncovered and corrected. During the course of the 
CARMA project, contacts between academia, industry, the Swiss Federal Office of Energy, and the 
Federal Office for the Environment have already been established.  
 
The pilot project in Ketzin has received significant interest from the public in the local communities. 
The project management established a forward relationship to the local authorities and media which 
contributed to the general notion of an open and accessible project. Guided tours and a visitor centre at 
the injection site support this open communication strategy. The obligation to develop and implement a 
well-planned communication strategy that considers the national and community-specific needs comes 
with a reward: By attracting interest and generating media coverage, it offers the opportunity to transfer 
knowledge from academia and industry to the public and political domain. Thereby, a pilot project can 
help to disprove fears caused by misconceptions and promote knowledge and appreciation in the public. 
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6. Conclusions 
The Swiss CARMA project revealed significant potential for CCS in Switzerland. This work focuses 
on the most critical aspects for the implementation of CCS in Switzerland and summarizes the findings 
concerning these obstacles. The pair of Upper Muschelkalk (saline aquifer) and Gipskeuper (caprock) 
formation offer considerable storage potential. More detailed knowledge about the local properties of 
these geologic formations is required. The risk of inducing seismic events was found to be a particular 
aspect of the public perception of CCS in Switzerland. Furthermore, the legal framework for CCS does 
not exist currently. This work demonstrated how a pilot project for CO2 storage in Switzerland would 
address the remaining issues. On the one hand, the determining factors suggest, that fossil fuel fired 
electricity generation will not start before 2020, providing Switzerland with the opportunity and time to 
clarify the existing uncertainties in such a pilot. On the other hand, the timescale to complete a 
comprehensive field test for CO2 storage is expected to be around 10 years, based on international 
experience. Hence, the start of this endeavor is urgent, if Switzerland wants to keep the option of CCS to 
limit the CO2 emissions despite the highly likely onset of fossil fuel power generation in Switzerland.  
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